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Abstract: Fitness is known to have beneficial effects on brain anatomy and function. How-
ever, the understanding of mechanisms underlying immediate and long-term neurophysiological
changes due to exercise is currently incomplete due to the lack of tools to investigate brain
function during physical activity. In this study, we used time-domain near infrared spectroscopy
(TD-NIRS) to quantify and discriminate extra-cerebral and cerebral hemoglobin concentrations
and oxygen saturation (SO2) in young adults at rest and during incremental intensity exercise.
In extra-cerebral tissue, an increase in deoxy-hemoglobin (HbR) and a decrease in SO2 were
observed while only cerebral HbR increased at high intensity exercise. Results in extra-cerebral
tissue are consistent with thermoregulatory mechanisms to dissipate excess heat through skin
blood flow, while cerebral changes are in agreement with cerebral blood flow (CBF) redistribu-
tion mechanisms to meet oxygen demand in activated regions during exercise. No significant
difference was observed in oxy- (HbO2) and total hemoglobin (HbT). In addition HbO2, HbR
and HbT increased with subject’s peak power output (equivalent to the maximum oxygen volume
consumption; VO2 peak) supporting previous observations of increased total mass of red blood
cells in trained individuals. Our results also revealed known gender differences with higher
hemoglobin in men. Our approach in quantifying both extra-cerebral and cerebral absolute
hemoglobin during exercise may help to better interpret past and future continuous-wave NIRS
studies that are prone to extra-cerebral contamination and allow a better understanding of acute
cerebral changes due to physical exercise.
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1. Introduction

Regular physical exercise is known to promote brain health. Changes in physical activity and
exercise are associated with functional and structural alterations in the brain [1]. In aging popula-
tions, exercise-based programs show potential to reduce risk of age-related cognitive decline and
neurodegenerative diseases (see these current reviews [2, 3]). In particular, brain volume losses
associated with decline are attenuated by higher cardiorespiratory fitness [4]. Structural changes
mostly occur in brain areas supporting executive functions, such as the prefrontal cortex [5] and
are associated with changes in cerebral blood flow (CBF) and metabolism [6]. Given current
demographic changes, the understanding of mechanisms underlying immediate and long-term
neurophysiological changes due to physical exercise is critical.

Cardiovascular and ventilatory responses to acute exercise result in the increase of the amount
of blood pumped by the heart (cardiac output), thus raising oxygen level and blood flow to supply
mainly cardiac and skeletal muscles [7], but also to regulate the temperature and dissipate excess
heat through the skin (thermoregulatory mechanism) [8]. In the brain, regional increases in CBF
are modest, occur from rest to moderate-to-high intensity exercise and reach a plateau with
increasing intensity while global CBF shows no change in response to exercise [6]. Increased
metabolic demands due to exercise are met by redistributing oxygen supply in active brain
regions from areas that are not necessarily solicited during exercise [9, 10]. At very high or
maximal intensities, oxygenation decline is observed and likely due to decreased regional CBF
combined with increased cerebral oxygen uptake [11]. This oxygen supply/demand mismatch
occurring at maximal intensities is at the origin of the “central governor” hypothesis, which
suggests that physical activity is controlled by complex processes to protect vital organs such as
the brain and the heart from ischemia [12]. There is no consensus about this theory and additional
studies are needed to better understand neurophysiological changes during acute exercise.

Functional magnetic resonance imaging (MRI) is the gold standard for functional brain imag-
ing but is impractical in the study of immediate effects of incremental exercise in realistic settings
due to motion artifacts. Positron emission tomography provides quantitative measures of cerebral
blood flow and metabolism but necessitates radioactive injection contrast and high costs while
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having similar constraints to study exercise [13]. In contrast, near infrared spectroscopy (NIRS) is
a non-invasive, non-ionizing, low-cost and portable imaging technique allowing the study of brain
hemodynamics in realistic human research exercise settings (see this systematic review [14]).
Continuous-wave NIRS (CW-NIRS) systems allow to retrieve changes in relative oxy- (HbO2)
and deoxygenated (HbR) hemoglobin concentrations induced by neuronal activity [15]. These
techniques have been used during incremental intensity exercise [14, 16–25]. However, CW-
NIRS techniques (1) provide relative rather than absolute measurements and (2) are known to be
strongly contaminated by extra-cerebral signals as hemoglobin changes were retrieved with a
simple homogeneous head model. This contamination may even be amplified by the hemoglobin
changes occurring in the skin vasculature that are associated with the performance of physical
exercise [26]. While recent studies proposed the use of short distance optical channels [27–29]
or high-density optical configurations [30] to better discriminate extra-cerebral changes in the
measured signals, conventional CW-NIRS techniques remain limited to detect relative changes.

In contrast to CW-NIRS, time-domain NIRS (TD-NIRS), also known as time-resolved spec-
troscopy, has the ability to quantify absolute tissue optical properties, namely the absorption and
scattering coefficients (see this recent review of functional studies in the human brain [31]). Using
time-correlated single photon counting, the measure of time of flight of photons to differentiate
changes in optical properties at different depths of tissue is possible [32–34]. Using a multiple
source-detector distances approach, absolute estimates of the optical parameters are obtained and
absolute hemoglobin concentrations are retrieved. Thus, hemoglobin oxygen saturation (SO2)
can be calculated by the ratio of HbO2 and total hemoglobin (HbT), where HbT is the sum of
HbO2 and HbR, and is proportional to cerebral blood volume (CBV ) [35]. When combined
with a two-layer representation of the human head, this approach allows to isolate hemoglobin
concentrations in the brain and prevent its contamination by extra-cerebral tissue.

In this study, we propose to use a multi-wavelength and multi-distance TD-NIRS approach
combined with a two-layer data fitting analysis head model to discriminate and quantify absolute
extra-cerebral and cerebral hemoglobin concentrations during incremental physical exercise. To
the best of our knowledge, this is the first study to apply this approach to assess hemoglobin
changes due to exercise. This quantification may help to better interpret past and future NIRS
studies and allow a better understanding of immediate vascular and neuronal changes due to
physical exercise.

2. Materials and methods

2.1. Subjects

Ten (10) healthy women and 8 healthy men aged from 18 to 30 years old (mean 23.1 years,
SD 2.4 years) were recruited between August 2015 and January 2016 (see Table 1). Average
height was 169.6 cm (SD 7.9 cm) and average weight was 62.7 kg (SD 7.6 kg). Exclusion criteria
included history of mental or physical pathology, involuntary movements or shaking, epilepsy,
smoking, and recent drug or alcohol addiction. Subjects were asked to stop alcohol and caffeine
consumption at least 12 hours before testing, and to practice no intense exercise the day before
data acquisition. Prior to the study, written consent was obtained from all subjects who also
completed a physical activity readiness questionnaire. This study was approved by the Research
Ethics Board of the Réseau de Neuroimagerie du Québec (CMER-RNQ), Canada.

2.2. Study protocol

The study protocol included two experimental sessions occurring on two separate days. The first
session included the assessment of physical condition and the performance of the maximum
oxygen volume consumption test (VO2max, ml O2 min−1 kg−1) that was used to quantify exercise
intensity levels prior to data acquisition [36]. Subjects were first asked to provide a self-evaluation
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Table 1. Demographics, physiological and exercise parameters in subjects.

Subject ID Gender Age [year] Height [cm] Weight [kg] Init P [W] PPO [W]

1 W 18 159 57.9 75 142.5
3 W 23 174 64.9 75 195
4 M 24 181 70.9 175 313.75
5 W 25 164.5 53.5 50 185
6 M 21 175 66.2 75 213.75
7 M 24 166 62.5 100 178.75
8 W 24 163.5 57.4 75 150
9 M 24 181.8 65.2 175 265
10 M 27 171.2 71.6 115 253.75
12 W 26 167.2 64.3 75 187.5
14 W 25 168 52.0 35 125
15 W 23 172 55.0 50 181.25
16 W 21 175 63.5 50 203.75
17 M 21 173 79.2 80 260
18 W 21 152 56.0 35 155

Mean (SD)
–

23.1 169.6 62.7 82.7 200.7
ntotal = 15 (2.4) (7.9) (7.6) (43.5) (52.5)
Mean (SD) 23.5 174.7 69.3 120.0 247.5
nmen = 6

–
(2.3) (6.0) (6.0) (44.9) (46.4)

Mean (SD)
–

23.0 166.1 58.3 57.8 169.4
nwomen = 9 (2.6) (7.4) (4.8) (17.3) (27.0)

M vs. W – n.s. p = 0.04 p < 0.01 p < 0.01 p < 0.01

W, women; M, men; Init P, initial power; PPO, peak power output; SD, standard deviation; n.s.,
non-significant.

of their fitness level in terms of exercise frequency and intensity. The frequency and level of
activity as well as the weight and gender of the subjects were then used to determine the initial
power to perform the VO2max test. An ergonomic stationary bicycle allowing subjects to cycle
at a constant power measured in watts (W) was used to determine VO2max (or VO2 peak) and
its corresponding power (W). Until voluntary exhaustion, subjects pedaled continuously during
1-minute levels, each level providing an increment of 15 W in resistance. Thus, the number of
levels was equal to the number of minutes pedaled. Oxygen consumption (VO2) was analyzed
throughout the test. The peak power output (PPO) for each subject was determined by the power
indicated by the ergonomic bicycle for the last completed level, or adjusted with the proportion
of the last incomplete level (see Table 1). While VO2max was not available for subjects 13 to
18 due to a technical problem with the device, corresponding PPO values were recorded on the
bicycle at voluntary exhaustion for all subjects.

The second session consisted in acquiring TD-NIRS data in subjects at rest and while per-
forming exercise at specific intensity levels. Intensity levels were determined as 40% and 80% of
the PPO of each subject. Data acquisition was then performed when subjects were cycling at a
constant power representing 40% and 80% of their individual PPO.
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Fig. 1. Schematic representation of the TD-NIRS probe. A fiber coupler light guide was
centered and light was emitted at 690, 760, 810 and 840 nm. Four single photon counting
avalanche photodiodes (D1 to D4) were placed at 10, 15, 25 and 30 mm.

2.3. TD-NIRS system

The system was custom built in our institution and its development was described elsewhere [37].
Four pulsed lasers (PicoQuant, Berlin, Germany) with wavelengths at 690, 760, 810 and 840
nm were used to emit light. Wavelengths were sufficiently separated by several nm allowing a
reduction of random and systematic errors as well as cross-talk [38]. A fiber coupler allowed to
bundle all wavelengths in a single optical fiber (see Fig. 1). Four detector optical fibers separated
from the laser source by 10, 15, 25 and 30 mm were connected to four single photon counting
avalanche photodiodes (SPAD). For each participant, laser intensities were adjusted to avoid
optical saturation of the detectors and to maintain counts in the single-photon counting regime.

The TD-NIRS system was accompanied with a specific device to measure the instrument
response function (IRF) of each detector. Measuring the IRF allowed to characterize each detector
as they have individual response function. The IRF device was made from a series of neutral
density filters with optical density of 1.5 and 3. The filters were stacked in a small cylindrical
container equipped with connectors on each side.

2.4. Data acquisition

Prior to data acquisition in human, we performed an extensive series of experiments in phantoms
with known optical properties to characterize the TD-NIRS system and its IRFs. Experiments
were performed in both homogeneous and two-layered phantoms with the same source-detector
configuration. Short distance measurements (10 mm) were carefully analyzed to limit the effect
of the IRF [39] on estimates of absorption and scattering obtained from this measure.

During data acquisition, the source and detector fibers were maintained in a headband that
was positioned on the subject’s frontal midline (based on electroencephalography (EEG) 10-20
system) with Velcro straps. The prefrontal cortex was selected as the region of study as it was
previously associated with cardiorespiratory fitness as the region responsible for mediating
neurophysiological responses to executive function [5, 40]. In addition, the absence of hair in
frontal skin area reduced potential signal interference between the optical probe and the skin
contact. A perforated rubber cap was positioned on the subject’s head to cover optical fibers
during data acquisition and to optimize the contact between the fibers and the forehead without
inducing painful pressure. This cap also served to reduce noise from the ambient light while
maintaining the optical probe over the prefrontal cortex during exercise. Windows were obscured
and data were acquired in a darkened room.

Data were first acquired at rest and then at 40% and 80% of PPO intensity level, respectively.
Half of the subjects followed a “Rest – 40% – 80%” pattern, while the other half followed a
“Rest – 80% – 40%” pattern [41]. All subjects were specifically asked to control and limit their
head movement while cycling to avoid motion artifacts.

Data acquisition blocks had a duration of 10 min each with an extra 2-min warm-up for 40%
and 80% intensity levels. Each block was separated by a 15-min period where the subject was
able to rest. During this period, the optical probe was removed to acquire the IRF for all detectors.
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To ensure IRF data quality, photon count was maintained within time-correlated single photon
counting mode by adjusting the laser diodes alignment to the illumination fiber. The IRF device
was positioned between the source fiber and each separate detector fiber, and remained connected
for a 1-min data acquisition. A total of three IRF data acquisitions were performed, i.e. after rest,
40% and 80% intensity level data acquisitions, respectively.

Prior to data analysis, datasets acquired for all exercise conditions were inspected for motion
artifacts. This systematic review was performed for all source-detector distances and laser
sources, i.e. for 16 datasets per condition. Data from subject 2, 11 and 13 were excluded for poor
quality data due to an inadequate contact between the optical probe and the subject’s forehead
or head movement while cycling. Data analysis was then performed with a total of ntotal = 15
subjects including nwomen = 9 women and nmen = 6 men (see demographics in Table 1).

2.5. Data analysis

Hemoglobin concentrations were estimated with optical properties recovered using a two-layer
fitting model [42]. Optical properties are retrieved by modeling the optical fluence ϕ of each
layer such that

ϕ1(z, s) =
sinh[α1(zb + z0)]

D1α1
×

D1α1 cosh[α1(` − z)] + D2α2 sinh[α1(` − z)]
D1α1 cosh[α1(` + zb )] + D2α2 sinh[α1(` + zb )]

(1)

−
sinh[α1(z0 − z)]

D1α1
, 0 ≤ z < z0

ϕ2(z, s) =
sinh[α1(zb + z0)] exp[α2(` − z)]

D1α1 cosh[α1(` + zb )] + D2α2 sinh[α1(` + zb )]
, z > z0 (2)

where αi and Di are describing the optical properties of the layer i for i = {1, 2}, while zb , z0
and ` are describing the geometry and boundary of the medium (see [42] for precise details). The
absorption coefficient (µa , cm−1), scattering coefficient (µs , cm−1) and an amplitude factor were
recovered by fitting the theoretical temporal point spread function (TPSF) with the experimental
TPSF at each wavelength λ and for each distance, leading to 16 TPSF fits [34]. Prior to fitting
the data, theoretical TPSF were convolved with corresponding IRF to avoid the introduction
of a time-dependent parameter in the fitting procedure. These 16 convolved TPSF were first
fitted using a homogeneous model [34, 43] to provide initial values of the optical properties,
which were injected into the two-layer model. In the two-layer model, the first layer (defined
as the extra-cerebral tissue) included the scalp, skull and cerebrospinal fluid while the second
layer (defined as the cerebral tissue) included the grey and white matter. The thickness of the
extra-cerebral layer was fixed to 13 mm (range 8.75–16 mm, SD 2.1 mm) for men and 14
mm (range 10.75–18 mm, SD 2.0 mm) for women as MRI anatomical measurements were not
available for each subject. These values were calculated from the average of MRI thickness
measures in 15 men (age 26 ± 2 years) and 12 women (age 25 ± 2 years), respectively reported
in our previous studies [37, 44]. The thickness of the cerebral layer was considered semi-infinite.

Quantification of absolute hemoglobin concentrations was performed with retrieved values of
µa from the two-layer model. Cerebral tissue were assumed to be composed of a fixed 78% of
water concentration (H2O) proportion [45]. Assuming known extinction coefficients (ξ) from
literature [46], concentrations of HbO2 and HbR [µ mol/l] were calculated by inverting the
linear system: 

µa (λ1)
µa (λ2)
µa (λ3)
µa (λ4)

 =


ξHbO2 (λ1) ξHbR (λ1) ξH2O (λ1)
ξHbO2 (λ2) ξHbR (λ2) ξH2O (λ2)
ξHbO2 (λ3) ξHbR (λ3) ξH2O (λ3)
ξHbO2 (λ4) ξHbR (λ4) ξH2O (λ4)



HbO2

HbR
H2O

 (3)

HbO2 and HbR were then used to derive SO2 and HbT as described above.
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2.6. Statistical analysis

Primary statistical analysis was performed to compare absolute values of extra-cerebral and
cerebral HbO2, HbR, HbT and SO2 acquired during 40% PPO, 80% PPO, and rest using general
linear mixed models. Each comparison was performed with a fixed intercept and compound
symmetric covariance matrix. In a second analysis, hemoglobin concentrations were correlated
to demographic parameters (age, height and weight) and PPO with Pearson correlation statistics.
A third analysis was performed to compare hemoglobin concentrations in men and women. All
analyses were performed with a significance level at 0.05 and p-values were given for two-sided
tests.

3. Results

3.1. Demographics

Mean initial power for all subjects (ntotal = 15) was 82.7 W (SD 43.5) and ranged between 35
and 175 W while mean PPO was 220.7 W (SD 52.5). Men and women subgroups were not
significantly different in age. Height, weight, initial power and PPO were significantly higher in
men compared to women. Details are summarized in Table 1.

A HbO2 concentrations [μ mol/l]

Extra-cerebral Cerebral 

C HbT concentrations [μ mol/l]

B HbR concentrations [μ mol/l]

D SO2 ratios [%]
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Fig. 2. Boxplots of extra-cerebral and cerebral (A) oxy- (HbO2), (B) deoxy- (HbR), (C) total
hemoglobin (HbT), and (D) hemoglobin oxygen saturation (SO2) in subjects (ntotal = 15)
at rest, 40% and 80% peak power output (PPO) exercise intensity. On each box, the central
mark is the median, the black square is the mean, the edges of the box are the 25th and
75th percentiles, and the whiskers show the standard error of the mean. Empty circles
denote outliers and significant statistical comparisons are indicated with their corresponding
p-value.
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3.2. Comparisons between exercise conditions

Figure 2 shows boxplot distributions of extra-cerebral and cerebral (A) HbO2 (B) HbR, (C)
HbT and (D) SO2 for all 3 conditions (rest, 40% and 80% intensity levels). Boxplot whiskers
represent the standard error of the mean. Subjects at rest had significantly lower extra-cerebral and
cerebral HbR compared to values at 80% intensity level of exercise. In contrast, extra-cerebral
SO2 at rest was significantly higher than at 80%. No significant difference was observed in
cerebral SO2 between exercise conditions. None of the comparison between exercise conditions
in extra-cerebral and cerebral HbO2 and HbT was significant.

Table 2. Extra-cerebral vs. cerebral contributions (p-value) in oxy- (HbO2), deoxy- (HbR),
total hemoglobin (HbT) and hemoglobin oxygen saturation (SO2) values compared at rest,
40% and 80% intensity exercise.

Rest 40% intensity 80% intensity

HbO2 [µ mol/l] n.s. n.s. n.s.
HbR [µ mol/l] p < 0.01 p = 0.01 p < 0.01
HbT [µ mol/l] p = 0.03 p = 0.02 p < 0.01
SO2 [%] n.s. n.s. n.s.

n.s., non-significant.

3.3. Comparisons between extra-cerebral and cerebral contributions

Statistical comparisons between extra-cerebral and cerebral hemoglobin concentrations were
performed and are provided in Table 2. Both cerebral HbR and cerebral HbT were significantly
higher than extra-cerebral values for all exercise conditions (rest, 40% and 80%). Cerebral and
extra-cerebral HbO2 were not significantly different for any condition. While extra-cerebral
SO2 was higher than cerebral values, none of the comparison was significant. In addition,
Table 4 (Appendix A) shows statistical comparisons (p-value) of relative changes in hemoglobin
concentrations between cerebral and extra-cerebral tissue. Comparisons are provided for relative
changes in oxy- (∆HbO2), deoxy- (∆HbR), total hemoglobin (∆HbT) and hemoglobin oxygen
saturation (∆SO2). Cerebral ∆HbR during 40% intensity exercise relative to rest was significantly
higher than in extra-cerebral tissue. Also, cerebral ∆HbR, ∆HbT and ∆SO2 during 80% intensity
exercise relative to 40% were also significantly higher than in extra-cerebral tissue. None of the
comparison was significant for ∆HbO2.

Table 3. Relative differences (%) between averaged hemoglobin concentrations (oxy-
(HbO2), deoxy- (HbR) and total hemoglobin (HbT)) recovered with the homogeneous
fit and the two-layer fitting model (cerebral layer contribution) for all exercise conditions.
p-value is provided for each comparison.

Rest 40% intensity 80% intensity

HbO2 [µ mol/l] 10% (p = 0.02) 3% (n.s.) 12% (p < 0.01)
HbR [µ mol/l] 20% (p < 0.01) 18% (p = 0.02) 21% (p < 0.01)
HbT [µ mol/l] 14% (p < 0.001) 9% (p = 0.01) 16% (p < 0.001)

n.s., non-significant.

Table 3 shows relative differences (%) between averaged hemoglobin concentrations (HbO2,
HbR and HbT) recovered with the homogeneous model and cerebral values quantified with the
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two-layer model, calculated for all exercise conditions. A significant difference was observed for
all hemoglobin types and all conditions (only HbO2 at 40% showed no significant difference).
In addition, comparisons between exercise conditions were performed (see Table 5, Appendix
A). Significant differences were observed between 80% and rest (HbR, HbT and SO2), 40% and
rest (HbR and HbT) and 80% and 40% (HbR and SO2). None of the comparison was significant
for homogeneous HbO2.

3.4. Correlations between hemoglobin, peak power output and demographics

Pearson correlation coefficients (R) with significant p-values are provided in Fig. 3 for relation-
ships between HbO2, HbR, and HbT values, and subject’s PPO (subject-PPO). All relationships
showed an increasing trend between hemoglobin concentrations and subject-PPO. For extra-
cerebral contributions (Fig. 3(A)-(C)), HbO2 and HbT were significantly positively correlated
to subject-PPO for all exercise conditions while HbR significantly increased with PPO only at
40% intensity level. For cerebral tissue, HbO2 and HbT were significantly positively correlated
at rest (Fig. 3(D)) while HbR and HbT significantly increased with PPO at 40% intensity level
(Fig. 3(E)). None of the correlation was significant between cerebral hemoglobin concentrations
and subject-PPO at 80% (Fig. 3(F)). While SO2 was not significantly correlated with PPO for
any condition, SO2 showed a trend to decrease in the extra-cerebral tissue and remained constant
in the cerebral tissue (not shown in Fig. 3).
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Fig. 3. Pearson correlation coefficients (R) and corresponding p-values between extra-
cerebral (A)-(C) and cerebral (D)-(F) hemoglobin concentrations, and subject’s peak power
output (PPO) at rest, 40% and 80% intensity exercise. Oxy- (HbO2, red circles), deoxy-
(HbR, green squares) and total hemoglobin (HbT , blue triangles) are displayed with the
corresponding linear fits (colored solid lines).

Additional correlations were assessed between hemoglobin concentrations and demographics
from Table 1. For extra-cerebral tissue, significant correlations (p < 0.05) were found between
hemoglobin types (HbO2, HbR and HbT) and height and weight for all exercise conditions
(only HbR at 80% showed no significance). For cerebral tissue, only three relationships were
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significant (HbT with height and weight at rest; HbR with weight at rest). No significant
correlation was observed with age for both extra- and cerebral tissue.
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Fig. 4. Boxplots of extra-cerebral and cerebral (A) oxy- (HbO2), (B) deoxy- (HbR), (C)
total hemoglobin (HbT), and (D) hemoglobin oxygen saturation (SO2) in men (M, nmen =

6) and women (W, nwomen = 9) at rest, 40% and 80% peak power output (PPO) exercise
intensity. On each box, the central mark is the median, the black square is the mean, the
edges of the box are the 25th and 75th percentiles, and the whiskers show the standard
error of the mean. Empty circles denote outliers and significant statistical comparisons are
indicated with their corresponding p-value.

3.5. Comparisons between men and women

Figure 4 displays boxplot distributions of extra-cerebral and cerebral hemoglobin concentrations
for all conditions when subgrouping subjects by gender (6 men and 9 women). Men (M) had
significantly higher HbO2, HbR and HbT values compared to women (W) for all conditions.
Only extra-cerebral HbR at rest and 80% PPO showed no significance. While extra-cerebral SO2
was significantly higher in men compared to women for all conditions, cerebral SO2 was not
significantly different between men and women. Results observed in Fig. 2(B) are only confirmed
in women with extra-cerebral HbR and SO2 significantly higher at 80% vs. rest (p < 0.01) as
well as with cerebral HbR (p = 0.03). In addition, cerebral HbR in women was significantly
higher at 80% compared to 40% exercise intensity (p = 0.03). Statistical comparisons in men
were all non-significant.
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4. Discussion

In this study, we employed a multi-wavelength and multi-distance TD-NIRS technique with
a multi-layer head model to quantify absolute hemoglobin concentrations during incremental
physical exercise. This approach allowed us to characterize hemoglobin concentrations in
both extra-cerebral and cerebral tissues and demonstrate significantly higher cerebral HbT
and HbR compared to extra-cerebral tissue during exercise, and confirmed this observation at
rest. Estimated absolute hemoglobin concentrations were significantly different than with the
simple homogeneous model and only partly in agreement with previous CW-NIRS studies in
exercise, suggesting possible contamination of brain optical properties by extra-cerebral tissue as
previously reported at rest. In addition, we confirmed systematic increases in hemoglobin with
subject-PPO (equivalent to VO2 peak) for all exercise conditions, and higher hemoglobin in men
compared to women. These observations are consistent with current theories in exercise, will
likely help to interpret previous and future NIRS studies and contribute to understanding the
origin of the NIRS signal during physical exercise.

4.1. Benefits of the technique

Significant changes observed in extra-cerebral HbR and SO2 during 80% intensity exercise
(Fig. 2) are likely due to increased forehead skin blood flow that is associated with increased
blood flow in the external carotid artery during high intensity exercise [47]. These results are
in agreement with thermoregulatory vasodilation mechanisms that, among other physiological
factors, allow to dissipate excess heat through skin blood flow [8]. This separation of extra-
cerebral signals is however not possible with CW-NIRS techniques alone. This limitation
is supported by significant differences (up to 21%, Table 3) observed between hemoglobin
concentrations recovered with the homogeneous fitting model (reflecting traditional CW-NIRS
analysis) and cerebral concentrations estimated with the two-layer model. Furthermore, when
comparing hemoglobin concentrations retrieved using the homogeneous model between exercise
conditions (Table 5, Appendix A), we confirmed significant changes observed in HbR and
SO2. Additional comparisons in HbR (40% vs. rest and 80% vs. 40%), HbT (40% and 80%
vs. rest) and SO2 (80% vs. 40%) were significant. These discrepancies are likely due to the
contamination of brain optical properties by extra-cerebral tissue when using the homogeneous
model [42, 48, 49]. The estimation of hemoglobin concentrations with the homogeneous model
may thus be partially biased and not completely reflective of the underlying head physiology.
These results emphasize the development of realistic approaches that quantify absolute brain
optical properties and limit its contamination by extra-cerebral tissue.

Significantly higher cerebral HbR during high intensity exercise compared to rest (Fig. 2)
is consistent with studies that have showed that physical exercise activates executive functions
supported by the prefrontal and frontal brain regions (reviewed in [14]).Our results are in
agreement with the theory stipulating that the brain has its own control and redistributes local
blood flow to meet oxygen demand in cerebral areas that are active from other regions that are
not actively solicited during exercise [9, 10]. From the anatomical point of view, the brain is also
organized differently than the extra-cerebral tissue with a higher density of blood vessels [51,52].
Our results also reflect this different vasculature via our measures of HbT , which is proportional
to CBV [35]. In particular, we demonstrated that HbT was significantly higher in cerebral
compared to extra-cerebral tissue during exercise and confirmed this observation at rest [49].
This agreement in brain function and anatomy during exercise and at rest suggests that our
technique allows to quantify brain optical properties and limits their contamination by extra-
cerebral tissue.

The effect of incremental exercise on cerebral oxygenation using NIRS instrumentation
has been investigated in the last decades (see this systematic meta-data analysis recently pub-
lished [14]). Despite the inability to discriminate extra-cerebral response, these studies [14,16–25]
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reported hemoglobin changes recovered from signals originated through the whole head. Few of
them were performed with a similar experimental design based on incremental intensity levels
quantified with individual VO2 peak or ventilatory thresholds (VT1 and VT2, corresponding
to moderate and high intensity exercise, respectively) [16–18, 24]. In particular in Fig. 2, the
significant increase in cerebral HbR between 80% and rest was coherent with two studies [16,17].
Our results in HbO2 and HbT were also consistent with a CW-NIRS study performed at normal
(150 m) altitude [18], while they were not in agreement with significant increases observed
between moderate and high exercise intensity compared to rest [16, 17, 24]. In [18], the authors
observed significantly higher relative SO2 (rSO2) at high intensity compared to rest, which is
in the opposite direction of our extra-cerebral SO2. Non-significant changes in SO2 measured
with TD-NIRS in Ganesan et al. [24] are consistent with our cerebral SO2. Furthermore, these
studies were also compared with hemoglobin concentrations retrieved using our homogeneous
model (Table 5, Appendix A). As for the comparison with the two-layer estimations, significant
increases in HbO2 during incremental exercise [16, 17, 24] were not in agreement with our
homogeneous HbO2 while consistent with [18]. Significant increases in HbR during incremental
exercise in [16, 17] were in agreement with our homogeneous HbR. Changes in homogeneous
HbT and SO2 due to exercise were partially in agreement (i.e. not in agreement for all compar-
isons between exercise conditions) with previous studies [16, 17, 24]. These differences may be
due to several factors including the extra-cerebral contamination in NIRS studies performed with
the homogeneous analysis and the high variability caused by the heterogeneity in fitness status
and gender in our population. Future studies will be conducted with stricter fitness and gender
inclusion criteria.

To further show the importance of discriminating cerebral and extra-cerebral contributions, we
demonstrated that changes in cerebral HbR during 40% intensity exercise relative to rest were
significantly higher than in extra-cerebral tissue (Table 4, Appendix A). In addition, changes in
cerebral HbR, HbT and SO2 during 80% intensity exercise relative to 40% were also significantly
higher than in extra-cerebral tissue. These differences suggest that relative changes are also prone
to error due to extra-cerebral tissue. Also, the magnitude of our relative changes in the brain was
compared qualitatively with previous studies [16, 18, 24, 53] and showed high variability. This
variability between these studies is potentially weighted by the extra-cerebral contamination, and
therefore the variability would likely decrease by using more accurate models.

Several CW-NIRS studies have reported specific methods to minimize and correct the effect
of extra-cerebral tissue. For example, short source-detector separations have been used to model
the extra-cerebral contribution that is statistically removed from standard (3 cm) separation
measurements [27–29, 54]. Also, the effect of pial vein vasculature on CW-NIRS measurements,
which is not related to skin blood flow, has been quantified by Monte Carlo simulations in the
occipital cortex [55] and validated with concurrent in vivo functional NIRS-MRI measurements
in the motor area [56]. While these techniques have shown improvement to model extra-cerebral
tissue, they are limited to relative cerebral changes.

Our study opens a perspective in data analysis to correct superficial effects in exercise NIRS
studies. Other groups have recently developed NIRS methodologies that allow the absolute
quantification of extra-cerebral and cerebral tissue [50, 57], but these techniques have not been
applied during exercise. As for our approach, these techniques were based on multi-distance
measurements combined with a two-layer head model. While Pucci et al. developed a CW-NIRS
technique based on a broadband spectral system [50], Hallacoglu et al. proposed a frequency-
domain NIRS system [57]. In the later study, in vivo data acquired in human at rest revealed
higher HbT in cerebral compared to extra-cerebral tissue and no difference in SO2, which is
consistent with our results. In addition, the later method provides the estimation of the individual’s
scalp-cortex thickness. This approach shows potential for its application in exercise research, as
it may allow the reduction of costs associated with subject’s MRI examination needed to obtain
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individual anatomical measure of the scalp-cortex distance. These studies strongly support the
need to routinely measure absolute hemoglobin levels in NIRS and functional NIRS studies.

4.2. Fitness status and differences in men and women

Fitness status is known to alter cardiac output, blood flow, oxygen availability and hematocrit in
the blood [14, 58, 59]. In trained individuals, a decrease in hematocrit has been observed and
associated with an increased plasma volume. This condition is known as “sports anemia” and not
well understood. While trained athletes have lower hematocrit (“anemia”), they have an increased
total mass of red blood cells and total hemoglobin as compared to untrained subjects. Our results
are consistent with these observations as increases in all hemoglobin species with subject-PPO
were observed at rest and during exercise (Fig. 3). However, the lack of blood gases analysis
providing hematocrit and other physiological parameters limit the extent of our results. Future
studies including blood gases analysis and TD-NIRS measures at 100% PPO and higher will
allow to better understand sports anemia and the transition to oxygen supply/demand mismatch
as well as its effect on cognition.

In this study, we confirmed higher hemoglobin concentrations in men compared to women
observed in functional NIRS studies. Frontal changes in cerebral HbO2 during working memory
and word fluency tasks were stronger in men compared to women [60, 61] while frontal cerebral
SO2 at rest and during visual and auditory tasks were also stronger in men [62]. These studies
suggest a gender effect in relative hemoglobin changes due to functional stimulation. In contrast
to functional studies, our approach provided absolute hemoglobin concentrations. The observed
decreases in extra-cerebral and cerebral tissue in women are likely due to a combination of
intrinsic physiological factors including a diminished volume (12%) of hemoglobin in the blood
(HGB, dl/g) [63], smaller frontal grey matter volumes (20 cc) [64] and a smaller number of
perfused microvessels in facial skin [65]. In addition to these factors, our assumption of a fixed
scalp-cortex thickness in men and women may also produce up to 15% error for a difference of 1
mm thickness [34]. These factors are likely to account for the differences we observed.

While extra-cerebral SO2 was significantly higher in men, cerebral SO2 showed a trend to
be slightly higher in women compared to men. In contrast, a multi-distance frequency-domain
NIRS study showed higher absolute cerebral SO2 in male compared to female [62]. The absence
of difference we observed would indicate that the amount of available oxygen in the brain is
not gender-specific. However, a MRI study recently showed that the cerebral metabolic rate of
oxygen consumption (CM RO2) was significantly higher in female compared to male aged from
20 to 90 years old [66]. This lack of consistency in SO2 indicates the need for additional studies
with strict inclusion criteria with respect to gender.

4.3. Limitations and future studies

Differences in fitness status and gender represent the main limitation and future studies will be
performed with stricter inclusion criteria. Other limitations include data quality affected by head
movement during cycling, sweat and cutaneous heat at proximity of the optical probe during
data acquisition. Despite these experimental obstacles, subjects were well informed to limit
head motion during cycling and our team carefully documented each data acquisition to detect
potential source of signal contamination. Careful attention was also made when replacing the
optical probe on the subject between data acquisitions. In addition to following the 10-20 EEG
system, the replacement was eased by the presence of small and non-painful pressure marks on
subjects’ forehead. Also, as each subject had specific skin color pigmentation, optical saturation
of the detectors had to be adjusted to maintain single photon counting mode. This adjustment is
required to ensure statistical robustness when averaging TPSF curves. In addition, additional
physiological measurements such as arterial oxygen saturation, heart beat, cardiac output [67],
skin temperature [68], Doppler skin blood flow [26] and blood gases (e.g. temperature, HGB,
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lactate, partial pressures) [69] will be monitored in future studies. These additional data will
allow to better understand the complex interactions between cerebral and physiological changes
during incremental exercise.

We believe our study allows to better interpret CW-NIRS data during exercise and that
its results can be used to further analyze past studies as well as future works. Using data
collected with our approach on a given population, correction factors could be defined for
specific instrumentation and application. As our approach is non-invasive and portable, it also
can be used serially in longitudinal study designs such as to assess the effects of exercise-based
programs on brain hemoglobin concentrations in aging populations [2]. Our approach can be
applied beyond the study of the effects of exercise on hemoglobin concentrations in the brain.
For example, it could be applied in the study of cerebral changes in epileptic patients suffering
from seizures and interictal epileptic discharges.

5. Conclusion

In summary, we demonstrated extra-cerebral and confirmed cerebral changes in hemoglobin
in young healthy subjects during incremental exercise using a TD-NIRS instrumentation with
a two-layer head model. Results support previous studies showing the contamination of brain
optical properties by extra-cerebral tissue when using simplistic homogeneous model. During
high intensity exercise, extra-cerebral changes are likely due to thermoregulatory mechanisms
while cerebral changes are consistent with blood flow redistribution mechanisms to meet oxy-
gen demand in activated regions such as the prefrontal cortex supporting executive functions.
Increases in hemoglobin concentrations with subject’s peak power output (equivalent to VO2
peak) during incremental exercise is consistent with decreased hematocrit and increased total
mass of red blood cells and total hemoglobin observed in trained individuals. In addition, gender
differences were observed in absolute hemoglobin concentrations and are consistent with prior
studies. Our approach has the potential to improve data interpretation in past and future NIRS
studies and may help to better understand neurophysiological mechanisms involved in exercise.

Appendix A

Table 4 reports statistical comparisons (p-value) between extra-cerebral and cerebral relative
hemoglobin changes during exercise (40% vs. rest, 80% vs. rest and 80% vs. 40%). Comparisons
are given for relative changes in oxy- (∆HbO2), deoxy- (∆HbR), total hemoglobin (∆HbT) and
hemoglobin oxygen saturation (∆SO2).

Table 4. Statistical comparisons (p-value) of relative changes in hemoglobin concentrations
between cerebral and extra-cerebral tissue. Comparisons are provided for relative changes
in oxy- (∆HbO2), deoxy- (∆HbR), total hemoglobin (∆HbT) and hemoglobin oxygen
saturation (∆SO2).

40% vs. Rest 80% vs. Rest 80% vs. 40%

∆HbO2 [µ mol/l] n.s. n.s. n.s.
∆HbR [µ mol/l] p = 0.02 n.s. p = 0.048
∆HbT [µ mol/l] n.s. n.s. p = 0.049
∆SO2 [%] n.s. n.s. p = 0.045

n.s., non-significant.

Table 5 displays statistical comparisons (p-value) in hemoglobin concentrations retrieved
using the homogeneous model between exercise conditions (rest, 40% and 80% intensity levels).
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Table 5. Statistical comparisons (p-value) between exercise conditions with hemoglobin
concentrations retrieved using the homogeneous model for oxy- (HbO2), deoxy- (HbR),
total hemoglobin (HbT) and hemoglobin oxygen saturation (SO2) values.

40% vs. Rest 80% vs. Rest 80% vs. 40%

HbO2 [µ mol/l] n.s. n.s. n.s.
HbR [µ mol/l] p = 0.02 p < 0.001 p < 0.01
HbT [µ mol/l] p = 0.01 p < 0.001 n.s.
SO2 [%] n.s. p < 0.01 p = 0.01

n.s., non-significant.
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